Advances in imaging technologies have allowed for the analysis of functional magnetic resonance imaging data in real-time (rtfMRI), leading to the development of neurofeedback (nf ) training. This rtfMRI-nf training utilizes functional magnetic resonance imaging (fMRI) tomographic localization capacity to allow a person to see and regulate the localized hemodynamic signal from his or her own brain. In this review, we summarize the results of several studies that have developed and applied neurofeedback training to healthy and depressed individuals with the amygdala as the neurofeedback target and the goal to increase the hemodynamic response during positive autobiographical memory recall. We review these studies and highlight some of the challenges and advances in developing an rtfMRI-nf paradigm for broader use in psychiatric populations. The work described focuses on our line of research aiming to develop the rtfMRI-nf into an intervention, and includes a discussion of the selection of a region of interest for feedback, selecting a control condition, behavioral and cognitive effects of training, and predicting which participants are most likely to respond well to training. While the results of these studies are encouraging and suggest the clinical potential of amygdala rtfMRI-nf in alleviating symptoms of major depressive disorder, larger studies are warranted to confirm its efficacy.
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Development of real-time functional magnetic resonance imaging neurofeedback
Real-time functional magnetic resonance imaging (rtfMRI), in which blood-oxygen-level dependent (BOLD) data processing and display are performed concomitant with image acquisition, 1 has enabled rtfMRI neurofeedback (rtfMRI-nf ), allowing a person to see and regulate the fMRI signal from their own brain. 2 The rtfMRI-nf technique precisely localizes neurophysiological activation, allowing focal investigation of relations between cognitive behavioral functions and neuroplasticity changes in deep brain structures. 3, 4 Recent research suggests that by using rtfMRI-nf, healthy individuals can learn to control neurophysiological activity in a variety of regions, including the somatomotor cortex, 3 auditory cortex, 5 and inferior frontal gyrus. 6 Participants can learn to self-regulate brain activity with rtfMRInf in structures relevant to emotional processing, including the insula, amygdala, and ventrolateral prefrontal cortex (PFC) using negative memories and imagery, 7 anterior insula using positive and negative imagery, 8 anterior cingulate cortex by focusing on or away from painful stimuli, 9 and amygdala using negative imagery 10 or positive autobiographical memories (AM). 11 Although these studies used healthy populations, emerging evidence suggests rtfMRI-nf has clinical utility in reducing symptoms associated with chronic pain, 9 smoking cessation, 12 anxiety, 13 and major depressive disorder (MDD). 14, 15 Rationale for the use of rtfMRI for MDD MDD is a chronic, disabling, and devastating condition. It is the leading cause of disability worldwide, and the US economic burden is estimated at $60 billion. 16 Up to two-thirds of patients who seek standard interventions will not respond, while only one-half of patients who do will achieve sustained remission. 17 The most commonly implemented psychological MDD treatment, cognitive behavioral therapy, is most effective for mildly to moderately depressed patients, 18 and often not effective in severely ill patients. 19 Invasive treatments for patients who do not respond to initial treatments, such as electroconvulsive therapy, vagus nerve stimulation, and deep brain stimulation, pose significant risks to patients. 20, 21 Novel and promising antidepressant effects seen with ketamine in treatmentresistant individuals can also cause hallucinations, high blood pressure, confusion, and fear in the short term, and kidney and bladder dysfunction with chronic use. 22 Therefore, there is a pressing need to research and develop novel non-invasive interventions for MDD.
Selection of the amygdala as a neurofeedback target
The choice of the amygdala is significant because of its critical role in emotional processing and responding. Interactions with a variety of cortical and subcortical areas, which together integrate and evaluate the salience of interoceptive and exteroceptive sensory stimuli, modify the response of the amygdala to specific stimuli or contexts. 23 This network assigns salience to stimuli, coordinates adaptive behavioral responses, 24 and modulates cognitive processing, such as perception, attention, memory, and decision-making. [25] [26] [27] [28] [29] While much attention has been focused on the amygdala's role in processing and responding to negative/fearful emotional stimuli, 25 evidence suggests the amygdala more generally influences the perceived salience of stimuli and events, 29 and that amygdala BOLD activity increases to both positively and negatively valenced emotional stimuli. 26, 28, [30] [31] [32] [33] The amygdala has neuroanatomical connections with regions governing affective memory and emotion regulation, including the hippocampus, anterior cingulate, and orbitofrontal cortices, 34, 35 and has reciprocal functional connectivity with these regions during tasks involved in emotion regulation 36 and emotional memory recall. 37 Quantitative metaanalyses support a functional dissociation between the left and right amygdala such that the right amygdala is engaged in rapid and automatic detection of emotional stimuli, while the left amygdala is involved in detailed and elaborate stimulus evaluation. 26, 38 In addition to its involvement in emotional processing and responding, our selection of the amygdala as a target for rtfMRI-nf also comes from the amygdala's central role in neurobiological models of MDD, based on evidence from preclinical studies in experimental animals and neuroimaging studies in MDD patients. 39 MDD-associated abnormalities are 'doubly dissociated' from healthy individuals by virtue of their greater left amygdala response to negative stimuli and attenuated response to positive stimuli, 33, 40 including positive AM.
41
Healthy participants showed increased left amygdala activity during positive AM recall that was not present in MDD participants, while MDD participants showed increased left amygdala activity during recall of negative AM that was not evident in healthy participants. 41 These results indicate the existence of a normative positive memory/processing bias in healthy populations that is absent in MDD patients. The emotional processing bias in depressed individuals is manifest in memory, and includes deficits in the recall of emotionally positive AM. 41, 42 Low amygdala reactivity to positive stimuli could indicate less engagement during encoding of positively valenced stimuli or reduced recruitment of attentional resources that can bring emotional stimuli to conscious awareness, 43 suggesting that neurocognitive techniques increasing positive processing conceivably hold therapeutic potential in the clinical management of MDD.
Evidence also supports a role of the amygdala in recovery from MDD. Amygdala responsiveness to positive stimuli is correlated inversely with depression severity. 40, 41 In patients remitted from MDD, amygdala activity during positive AM recall is indistinguishable from controls. 41 Longitudinal designs show that, following successful selective serotonin reuptake inhibitor treatment, hyperactivation of the amygdala to negative faces decreased while activation of the amygdala to positive faces increased in a task in which faces were presented below conscious awareness. 33 Increased left amygdala activity to the presentation of positive words and decreased activity in response to negative words was also seen following cognitive control therapy. 44 These findings suggest that decreased activation of the amygdala to positive stimuli is clinically significant and that some antidepressant drugs/cognitive therapies exert their therapeutic effect by normalizing emotional processing.
The evidence supporting a role of the amygdala in onset and recovery from MDD, taken together with evidence that the amygdala links the domains of affective experience/response and emotional memory recall, suggests that the enhancement of amygdala processing of positive stimuli via rtfMRI-nf holds therapeutic potential for depressed individuals and further justifies our selection of this region as our rtfMRI-nf target. While decreasing the amygdala response during negative AM recall may also be clinically effective (with preliminary reports focusing on amygdala hyperactivity to negative stimuli [45] [46] [47] ), our previous findings of associations between symptoms and amygdala responses to positive but not negative AM 41, 48 led us to focus specifically on the processing of positive AM.
Designing the amygdala rtfMRI-nf paradigm Selection of a control task The selection of a comparison/control intervention for rtfMRI-nf experiments is a challenge, and no consensus has been reached as to the optimal approach. Studies utilizing out-of-scanner control conditions, 14 control conditions in which the neurofeedback bar remains static, 49 or no control condition 50, 51 run the substantial risk of false positives as control participants know they are not receiving feedback, and experimenter blinding is impossible. Furthermore, previous work has found that simply instructing depressed patients to recall positive AM actually worsens mood in MDD individuals, 52 and would therefore be unethical for us to employ. Sham neurofeedback, where the participant sees BOLD activity from another participant, runs the substantial risk of participants detecting the noncontingency between their efforts and the resulting signal, allowing for easy identification of group assignment with continuous feedback. Control conditions using neurofeedback from a different region are best suited to determine: (i) specificity of the procedure, whether feedback from the target region is necessary for enhanced control of that region; and (ii) whether changes in mood ratings are due to feedback from the target region or due to a placebo effect.
We employed a control condition in which subjects received rtfMRI-nf from the horizontal segment of the intraparietal sulcus, a region primarily implicated in number processing. [53] [54] [55] [56] While studies have reported increased intraparietal activity (more generally, not restricted to the horizontal segment) during emotional distancing 57 and viewing images of sexually arousing stimuli, 58 potentially suggesting some involvement in emotional processing, the control condition utilized in these studies involved comparing BOLD responses to emotional versus neutral pictures. 59 Therefore, a likely alternative explanation is that more attentional processes are engaged during the presentation of emotional relative to neutral pictures resulting in the increased activation. Therefore, while our control region may not be completely independent of emotional regulation, its general involvement in attentional processes does not suggest parietal activity is antagonistic to positive emotional regulation. Indeed, as participants are able to increase their parietal response during positive AM recall without significant clinical or memory effects, the use of this control condition supports the conclusion that it is gaining control over the amygdala (and related regions), which drives the clinical effects, and not simply gaining control over BOLD activity in general.
Defining the amygdala
The amygdala region of interest (ROI) was defined anatomically as a 7-mm sphere in Talairach Other studies examining the therapeutic potential of neurofeedback in MDD have used localizer scans, identified the most commonly activated voxels while processing positive stimuli, and trained patients to increase activation in these regions even more.
14 The theory behind this compensatory approach is to train what is already being used to take over for impaired or lost function. While this trains patients to use the brain regions that they are already using more effectively, it is unknown if these processes are indeed compensatory or contribute to the pathology of the disorder and the difficulty that MDD patients have in processing positive stimuli. We focus instead on the normalization/deficit approach, with the goal to train what is functioning abnormally to function normally.
Providing instructions
There is a debate in the field as to whether or not to provide participants with suggested strategies for regulating the target ROI. Not providing instruction allows participants to explore different strategies and find what works for them. However, this increases the time required for learning to occur, and dysfunctional strategies may be implemented. For example, following insula neurofeedback training in patients with schizophrenia, there was enhanced recognition of disgust expressions. 51 As the amygdala is involved in processing and responding to both negative and positive stimuli, participants could theoretically increase their amygdala activity while feeling fear and anxiety, which would not be a desirable outcome. For this reason, we chose to instruct participants to recall positive AM while attempting to increase BOLD activity in the ROI.
Procedure
Under double blind conditions, participants were randomly assigned to receive rtfMRI-nf from one of two ROI defined as 7-mm spheres in Talairach space 60 : the left amygdala (−21, −5, −16) or the left horizontal segment of the intraparietal sulcus (−42, −48, 48; Fig. 1a ). Participants were informed that they would receive neurofeedback from one of two brain regions: one involved in emotional processing or another independent of emotional processing which may be difficult to regulate. They were asked to maintain the strategy of positive memory recall even if they felt it was ineffective at raising their brain activity, though they could change the positive memories utilized or the aspects of the memories focused on.
Participants were instructed to retrieve positive AM while attempting to increase the hemodynamic activity in the assigned region (presented as a red bar) to that of a blue bar representing the target level of activation. Each neurofeedback run consisted of alternating 40-s blocks of: Rest, Happy Memories (upregulate condition; red bar shown), and Count (backwards from 300 by a given onedigit integer). For each of the Rest, Happy, and Count blocks within a run, cues were presented on the screen using both text and color icons to indicate each condition. During the Happy Memory Condition (Fig. 1b) , the cue 'Happy' and two color bars (red, blue) were displayed on the screen. The red bar representing the neurofeedback signal was updated continuously by changing the height of the bar either upwards or downward based on the corresponding level of BOLD activity. This neurofeedback signal was also indicated by a number shown above the red bar representing the percent signal change within the target region. During this condition, participants were instructed to retrieve and contemplate positive AM while also attempting to increase the level of the red bar to the fixed blue target bar. Because the Happy Memories condition required memory recall and rumination on those memories could potentially not be stopped quickly, 63 two control conditions were implemented to distract participants' attention from contemplating positive memories and to dampen the activation of the emotion-regulation network. During the Count condition, participants saw the cue 'Count' with the specific instruction to count backwards from 300 by subtracting a specified integer (9, 3, 4, 6, 7, and 9 for Baseline, Practice, Run 1, Run 2, Run 3, and the Transfer run, respectively). During the Rest condition, participants were presented with the cue 'Rest' and were asked to relax and breathe regularly while looking at the display screen. No bars were displayed during the Count and Rest conditions.
The neurofeedback signal for each Happy Memory condition was computed as the fMRI percent signal change relative to the average fMRI signal for the preceding Rest block, updated every 2 s and displayed as a red bar. To reduce bar fluctuations due to noise in the fMRI signal, the bar height was computed at every time-point as a moving average of the current and two preceding fMRI percent signal change values. These percent signal change values were averaged over each run and used as a performance measure.
The rtfMRI-nf procedure consisted of eight fMRI runs each lasting 8 min 40 s (Fig. 1c) : a Resting run, a Baseline run in which no neurofeedback information was provided, a Practice run, three Training runs, a final Transfer run in which no neurofeedback information was provided, and a final Rest run. During the Rest runs, a resting-state paradigm was employed and participants were instructed to clear their minds and not think of anything in particular while fixating on the display screen. All subsequent runs consisted of alternating blocks of Rest (five blocks lasting 40 s each), Count (4 blocks lasting 40 s each), and Happy (four blocks lasting 40 s each). The Baseline run served as a measure of amygdala activity during positive memory recall prior to rtfMRI-nf training. Participants were instructed simply to recall positive memories when the cue 'Happy' appeared. No bars were presented. It is important to note that this Baseline run was not part of our initial study design, 11 but was added to our later studies 15, 64 in order to: (i) confirm the participant did indeed have blunted amygdala activity During the Practice run, participants were given an opportunity to become comfortable with the neurofeedback procedure. For the first three Happy Memory blocks, participants were instructed to recall and contemplate positive memories prepared with help from the experimenter prior to entering the fMRI environment, and then, for the last Happy condition block, to use the one memory that elevated their mood to the greatest extent. Thus, the Practice run allowed participants to accommodate to the neurofeedback task and evaluate the emotional impact of the prepared happy memories within the experimental setting.
During the subsequent three Training runs, participants were encouraged to use various memories and to switch memories in order to help them raise the red bar. Because our preliminary experiments in healthy individuals indicated that the activation level of the left amygdala could be as high as a 2% BOLD signal change, the target level of the blue bar was set to 0.5%, 1.0%, 1.5%, and 2.0% for Practice, Run 1, Run 2, and Run 3, respectively. During the Transfer run, participants were instructed to perform the same task as during neurofeedback training, but rtfMRI-nf information was not provided. The Transfer run was performed to assess the transfer of the learned control and to check whether the training effect generalized to situations where no neurofeedback was available. Participants completed either one or two rtfMRI-nf sessions within a 1-week period.
Data acquisition and on-line analysis
Imaging was conducted using a Discovery MR750 whole-body 3 Tesla MRI scanner (General Electric, Fairfield, CT, USA) equipped with a custom rtfMRInf system. MRI/fMRI imaging details can be found in Zotev et al. 11, 65 and Bodurka and Bandettini. The image data analyses were performed using Analysis of Functional NeuroImages (AFNI, http:// afni.nimh.nih.gov/). The neurofeedback was implemented using the custom real-time fMRI system utilizing the real-time features of AFNI 66 and a custom graphic user interface. The ROI, defined as described above, were transformed to the EPI image space using each subject's high-resolution MPRAGE structural data. The resulting ROI in the EPI space contained approximately 140 voxels each. We performed a visual inspection of the ROI (both the intraparietal and amygdala regions in all participants to maintain the blind) prior to the start of neurofeedback.
Ability of participants to enhance their amygdala response Feasibility study: Healthy controls
We first determined whether upregulation of amygdala activity could be achieved in healthy participants and the magnitude of signal change that could be obtained. Twenty-eight healthy male participants underwent rtfMRI-nf training to increase either their amygdala response (n = 14; experimental group) or the response of the horizontal segment of the intraparietal sulcus (n = 14; control group).
11
Figure 2a shows that mean BOLD activity in the amygdala increased progressively across neurofeedback runs for the experimental group, reached a 0.4% increase maximum during the final training run, and was maintained at similar levels during the Transfer run. Furthermore, the experimental group had a significant linear trend, supporting a linear increase in activation of the amygdala across all runs. The control group did not demonstrate a significant change in their amygdala response over the course of training. Notably, these results are the average values during a single run; activation levels at a given Happy moment could be considerably higher, with some participants achieving a 2% signal change.
To rule out potential confounding physiological factors that might contribute to the increased amygdala response, 67 we examined cardiac and respiratory rates during the Happy and Rest conditions in the experimental and control groups. No group differences in cardiac or respiratory rate variations were found, nor did these rates differ between the Regulate and Rest conditions.
Pilot study: MDD patients
Once we confirmed that healthy individuals can indeed learn to upregulate their amygdala response via rtfMRI-nf training, we conducted a small pilot study in patients with MDD to determine if they could also be trained to upregulate their amygdala response during positive AM recall. 15 MDD participants were unmedicated, right-handed adults aged 
18-55 years who met DSM-IV-TR criteria for MDD.
Exclusion criteria included current pregnancy, general MRI exclusions, serious suicidal ideation, psychosis, major medical or neurological disorders, exposure to any medication likely to influence cerebral function or blood flow within 3 weeks, and meeting DSM-IV-TR criteria for drug or alcohol abuse within the previous year or for lifetime alcohol or drug dependence (excepting nicotine). Comorbid anxiety disorders were not an exclusion, provided that MDD was the primary diagnosis. The same design was used as in Zotev et al., 11 with 14 participants in the experimental amygdala rtfMRI-nf group and seven in the control parietal rtfMRI-nf group. Figure 2b shows that participants successfully regulated and increased their amygdala response relative to the control group and maintained it during the Transfer run. There was also a linear decrease in amygdala activity in the control group; a finding we interpret as evidence that in the absence of amygdala neurofeedback, it is difficult to maintain sustained activity in brain regions involved in positive emotion, as has been previously shown in patients with MDD. 68 The linear increase over training runs was not as pronounced as that observed in the healthy group. Furthermore, amygdala BOLD activity during practice was significantly above zero, raising the question of whether MDD participants did indeed have a blunted amygdala BOLD response during positive AM recall that needed to be corrected. To that end, we added the Baseline run and another rtfMRI-nf session and conducted a double-blind randomized clinical trial. 64 
Clinical trial
In the first randomized double-blind clinical trial of rtfMRI-nf training to increase amygdala BOLD activity during positive AM recall in patients with MDD (ClinicalTrials.govidentifier: NTC02079610), unmedicated adults meeting the same inclusion/ exclusion criteria as for the pilot study were randomly assigned to receive two rtfMRI-nf sessions within a 1-week period from the amygdala (n = 19) or the parietal control region (n = 17). 64 Only one participant from each group chose to withdraw from the study, which indicates that this intervention is well tolerated and free from aversive side-effects. Figure 2c shows that participants in the experimental group were indeed able to increase the amygdala response over the course of the study. Particularly important to note is that at the initial Baseline run, MDD participants did indeed exhibit very low or negative amygdala reactivity during positive AM recall. At the second session 1 week later, the amygdala response during Baseline was significantly elevated relative to both the control group and the first Baseline session, suggesting that long-term transference of learning had occurred. Activity in the experimental group was higher during the second training session than the first, suggesting that additional learning occurred with the additional training.
Effects of neurofeedback on clinical symptoms and behavior
As we were able to demonstrate that both healthy and depressed individuals can be trained to upregulate their left amygdala BOLD response to positive memories via rtfMRI-nf training, we were also interested in whether this procedure altered mood, clinical symptoms, and other tasks involving cognitive and emotional processing. We therefore incorporated a variety of mood-rating scales, symptom severity scales, and emotional processing/memory tasks that were administered before and after rtfMRI-nf training.
Mood and symptoms
As the goal of the initial study in healthy participants was to determine feasibility, we did not collect data on mood to examine changes. 11 In the pilot study in depressed participants, state measures of current mood were collected before and after rtfMRI-nf. 15 As only one session was performed, only state mood ratings were examined, as clinical symptoms are measured on a longerterm scale (i.e., based on how a participant was feeling overall during the past week, not at any particular moment). The experimental group had a significant increase in state ratings of happiness and decreases in depression, anxiety, and irritation. The changes in happiness and anxiety were significantly greater in the experimental relative to the control group. These results supported the hypothesis that increasing amygdala BOLD activity during positive AM recall could indeed improve mood in patients with depression. This supported moving onto the next step of conducting a clinical trial and examining changes in clinical symptoms.
To this end, we collected self-report (Beck Depression Inventory-II) and clinically administered (Montgomery-Åsberg Depression Rating Scale [MADRS], Hamilton Rating Scale for Depression-21) ratings of depressive symptoms: (i) 1 week prior to rtfMRI-nf training; (ii) during each training session; and (iii) 1-week following the final training session. 64 All ratings significantly decreased in the experimental group both from baseline and relative to the control group. Twelve participants in the experimental group responded to neurofeedback (defined as at least a 50% decrease in MADRS score), compared with two participants in the control group. Six participants in the experimental group and one in the control group met criteria for remission at study end (MADRS score > 10), making a number needed to treat of four (95% confidence interval, 2-50). This remission rate is similar to rates seen with antidepressant medications 69 and cognitive behavioral therapy. 70 Furthermore, there was a significant relation between the ability to regulate the amygdala and the degree of improvement in clinical symptoms, providing additional support for the causal role between rtfMRI-nf learning and clinical improvement. While these results are encouraging, the follow-up period was only 1 week and additional studies are currently underway to determine the duration of these antidepressant effects.
Memory
In addition to assessing clinical symptoms, another goal of the clinical trial was to determine whether amygdala reactivity to non-autobiographical emotional stimuli was altered by amygdala rtfMRI-nf. As participants were using positive AM to activate their amygdala, we examined whether the rtfMRI-nf training altered AM recall. It is a well-replicated finding in the literature that patients with MDD have AM deficits, characterized by overgeneral memory recall -defined as decreased recall of specific AM (a memory for an event that occurred at an identifiable time and place and which did not last over 24 h; e.g., 'I went grocery shopping last Sunday') and increased recall of general, categorical AM (summaries or categories of events without reference to a single episode; e.g., 'I go grocery shopping every weekend'). 71 Overgeneral memory recall, especially for positive events, is an enduring cognitive deficit observed in patients with depression 71 that is not addressed by current treatments, 72 and reportedly confers vulnerability to persistent depressive episodes. 73 Following two rtfMRI-nf sessions, participants in the experimental group had an increase in the percent of specific memories recalled and a decrease in the percent of overgeneral memories recalled. 64 The effect was predominately attributable to changes in positive memories. AM overgenerality is considered a pathological construct that predisposes 74 and maintains 75 depressive episodes. The improvement in AM specificity following amygdala rtfMRI-nf suggests this intervention may reverse this deficit. Furthermore, the change in amygdala activity was a mediator of the association between symptom improvement and increased positive specific AM recall, suggesting that recalling more positive specific memories can reduce depressive symptoms, but more so when the amygdala is engaged.
Specificity and generalization to other positive stimuli In order to further determine the clinical potential of this intervention, we examined whether responses to other positive stimuli (faces and words) would be altered following amygdala rtfMRI-nf to examine whether the training altered other cognitive deficits and biases. To this end we examined pre-and postamygdala responses to emotional faces as well as reaction time and accuracy on tasks of emotional processing. Participants completed the P1vital Oxford Emotional Test Battery (available from http://www. p1vital.com/Oxford%20Emotional%20Test%20Batt ery/ETB_tasks.html) outside of the scanner 1 week before and 1 week following completion of the rtfMRI-nf protocol. This test battery has been widely used to study changes in emotional processing following standard antidepressant administration, 76, 77 with results showing decreased reaction times and improved accuracy and memory for positive stimuli and increased reaction times and decreased accuracy and memory for negative stimuli. 76, 78, 79 This suggests that antidepressant treatments work in part by increasing positive emotional processing.
We found similar changes in positive processing as observed following antidepressant pharmacotherapy. 80 We observed decreased reaction times © 2018 The Authors Psychiatry and Clinical Neurosciences © 2018 Japanese Society of Psychiatry and Neurology following amygdala rtfMRI-nf training to identifying positive facial emotions on the Facial Expression Recognition Task and to classifying self-referential words as positive on the Emotional Categorization Task. Furthermore we found increased attention toward positive faces and decreased attention toward negative faces during the Facial Dot Probe Task in the amygdala rtfMRI-nf relative to the control rtfMRI-nf group. 80 Finally, we examined the specificity of our procedure and examined whether the amygdala rtfMRI-nf procedure resulted in non-specific increases in amygdala activity to any emotional stimuli (which would not be desirable in individuals with MDD), whether responses to positive stimuli were enhanced without altering responses to negative stimuli, or whether training normalized the response by increasing activity to positive and decreasing activity to negative stimuli. To this end participants completed a backward masking that has been established as a paradigm that differentially alters amygdala hemodynamic activity to the presentation of happy and sad face stimuli presented below conscious awareness. 33 Using this paradigm we observed an increase in the amygdala hemodynamic response to positive faces following amygdala rtfMRI-nf, as expected. We also observed a decrease in the amygdala hemodynamic response to negative faces in the rtfMRI-nf group relative both to their own baseline and the control rtfMRI-nf group, suggesting that amygdala rtfMRI-nf normalizes the amygdala response to emotional stimuli. 80 This finding suggests that training the amygdala response in one direction (upregulate to positive) at least partly generalized to the processing of other types of emotional stimuli in the amygdala and that patients learned to adaptively regulate their amygdala response rather than to increase it nonspecifically.
Effects of neurofeedback on other brain regions
The amygdala is strongly connected to a wide variety of brain regions that play key roles in controlling one's emotional, motivational, and social behavior.
62,81 Amygdala-medial PFC connectivity is considered particularly important for emotion regulation both with respect to decreasing negative affect 36 and increasing reward behaviors. 82 Furthermore, aberrant amygdala-prefrontal connectivity is prevalent in MDD 83, 84 and may underlie impairments in affect regulation. 83 Therefore, while increasing voluntary control of the amygdala via rtfMRI-nf training results in clinical improvements, these improvements may be due to changes in how the brain communicates and regulates emotion. To this end we have examined both whole brain changes in activity following rtfMRI-nf in response to positive AM recall, as well as regional changes in functional connectivity with the amygdala.
In healthy men, amygdala rtfMRI-nf relative to control rtfMRI-nf resulted in increased activity during positive AM recall in the superior frontal gyrus, ventrolateral and ventromedial prefrontal cottices, amygdala, parahippocampal gyrus, pregenual anterior cingulate, and posterior cingulate cortices. 11 We further analyzed the resulting network interactions within these regions, which demonstrated the importance of prefrontal control of the amygdala during rtfMRI-nf training. 85 In our pilot study with MDD participants, we found increased activity during the happy condition in similar regions as observed in healthy individuals: the amygdala, parahippocampal gyrus, anterior and posterior cingulate cortices, and ventrolateral PFC. Additional significance was observed in the dorsomedial prefrontal and orbitofrontal cortices and thalamus. 15 We also recorded EEG during rtfMRI-nf training and found that successful upregulation of the amygdala BOLD signal also normalizes frontal EEG asymmetry in the alpha band and increases EEG coherences over left frontal areas, with both measures associated with depressive symptom reductions. 86 These observations suggest a normalization of abnormal PFC responding in depression. In our randomized clinical trial we again found increased activity following rtfMRI-nf in similar prefrontal-limbic regions: anterior cingulate cortex, insula, precuneus, amygdala/ parahippocampal complex, and middle frontal gyrus. 64 Overall, our results suggest that the ability to maintain elevated amygdala activity during positive memory recall following rtfMRI-nf training engaged a prefrontal-temporal cortical-limbic network implicated in emotion processing and memory recall. [86] [87] [88] Many of these regions share extensive anatomical and functional connections with the amygdala and are recruited during emotional learning (including the medial PFC 87 ), and in the modulation of emotional processes (including the anterior cingulate 89 ). These regions also form part of the core network recruited during AM recall. 88 This pattern suggests that rtfMRI-nf from the amygdala is not dependent on a single brain region, but upon a network, and that training conceivably enhances the affective or attentional significance of these memories. Several of these regions, including the insula, anterior cingulate cortex, and ventrolateral PFC are consistently activated during self-regulation in rtfMRI studies independent of the targeted ROI 90 and are likely involved in the regulation/learning process and are not specific to our specific rtfMRI-nf procedure.
In addition to whole brain changes in activity, we have also explored regional changes in amygdala functional connectivity in our studies. In healthy men, amygdala functional connectivity increased with several regions over the course of amygdala rtfMRI-nf training. These regions included the medial frontal polar cortex, dorsomedial PFC, pregenual anterior cingulate cortex, and superior frontal gyrus. 11 A support vector autoregression analysis of the effective connectivity of this network suggests that the anterior cingulate cortex exerted significant directional effects on the amygdala. 85 When we examined amygdala functional connectivity changes in MDD participants in the clinical trial, we found increased connectivity over the course of the study between the amygdala and multiple prefrontal cortical (right inferior frontal gyrus/lateral orbital cortex, dorsal anterior cingulate cortex, ventrolateral PFC, left medial frontopolar cortex, bilateral medial PFC) and striatal regions (bilateral putamen, right caudate), as well as the right insula, cerebellum, and bilateral thalamus and precuneus. 91 Two connections -amygdala-precuneus and amygdala inferior frontal gyrus -were significantly correlated with improvement in depressive symptoms after controlling for baseline severity and amygdala activity change, and amygdala-precuneus connectivity was also significantly correlated with regulation success. Amygdala-inferior frontal gyrus connectivity was not associated with regulation success.
The results from these two populations (healthy men and MDD patients) found similar regional changes in amygdala functional connectivity, but implicated different regions as critical for the training effects to occur. This is likely due to the different methods employed -the study in healthy controls was interested in what changed with neurofeedback and what was driving the change in amygdala activity, while the clinical trial sought to determine which functional connectivity changes contributed to the observed clinical effects. Therefore, while the anterior cingulate cortex appears critical for gaining control over the amygdala, the increase in precuneus-amygdala connectivity appears critical for both neurofeedback regulation success and symptom improvement. These results suggest additional targets for rtfMRI-nf interventions, and also that connectivity rtfMRI-nf may be even more effective than single region feedback.
Predicting response to feedback
Examining correlates of neurofeedback success could help guide future efforts towards understanding who this treatment might be effective for. Therefore, we examined correlations between neurofeedback success in the amygdala rtfMRI-nf groups and demographic and clinical characteristics. In each study (healthy men, pilot, clinical trial) there was a significant relation between the ability to regulate the amygdala (either the average % signal over the course of training 11, 15 or the difference from baseline to transfer 80 ) and performance on the Toronto Alexthymia Scale. Individuals with more difficulty in identifying and describing emotions, regardless of diagnosis, had more difficulty regulating their amygdala, suggesting that some level of emotional insight is necessary for this rtfMRI-nf training paradigm. There were no other factors that predicted response to feedback; however, these samples were relatively small and testing in larger, more heterogeneous samples may reveal additional factors that are associated with neurofeedback success. Additionally, activation of several regions, including the anterior insula and basal ganglia, has been found to occur during rtfMRI-nf learning independent of the targeted ROI. 90 It is therefore possible that activity in these and other regions would also be predictive of whether or not someone can learn to regulate a hemodynamic signal, and research would benefit from including baseline activations of these regions as predictors of regulation success. Of note, there was a trend towards a significant inverse correlation between baseline amygdala activity in our clinical trial and regulation success (r = −0.39, P = 0.08), suggesting that the training is more effective in those individuals who also have an abnormal amygdala response and supporting our approach of normalizing activity rather than increasing activity in compensatory mechanisms.
In healthy men, the training effect was also inversely correlated with participants' susceptibility to anger, suggesting that healthy individuals' performance during neurofeedback training may be inversely correlated with their sensitivity to other people's negative emotions. 11 This correlation was not significant in the patients with MDD. Instead the length of the current depressive episode was inversely correlated with the training effect, 15, 80 suggesting that the success of amygdala rtfMRI-nf may be dependent upon targeting patients early in the course of their depressive episode. This is consistent with previous research reporting that patients within a year of onset of their current depressive episode are more likely to respond to treatment than those whose episodes were of longer duration. 92 
Future directions
While the research we have done thus far suggests a strong clinical potential of increasing amygdala activity during positive AM recall via rtfMRI-nf, there is still much work that needs to be done to translate this into a clinical treatment available to patients with MDD. While we have found mood-enhancing effects of rtfMRI-nf following a single session, 15 additional improvements both in terms of mechanism engagement (amygdala BOLD signal during positive AM recall) and clinical symptoms were observed following a second session. 64 Studies attempting to train brain regions implicated in emotional processing via rtfMRI-nf in mood-disordered individuals have provided between one and five separate training sessions, 14, 45, 93, 94 yet no examination of dose-response has been conducted. Determining a sufficient number of rtfMRI sessions is critical for treatment development, 95 and therefore efforts are now underway to determine whether additional sessions provide additional benefit in terms of target engagement and whether the number of sessions can be tailored using baseline characteristics (including those previously found to be associated with neurofeedback success, such as length of current episode and difficulty identifying feelings 15 ). Additionally, further replication in larger, more heterogeneous samples that include medicated individuals is necessary to determine the subpopulations or characteristics for whom this intervention is best suited. We were initially hesitant to include patients taking antidepressant medications, as studies have generally reported that selective serotonin reuptake inhibitors (SSRI) result in reduced limbic reactivity to emotional stimuli, raising the concern that SSRI may increase anhedonic symptoms. 96 However, emerging evidence suggests that SSRI normalize limbic reactivity to emotional stimuli, rather than dampening it more generally. 33, 97 We are therefore including individuals on antidepressant medications in our ongoing studies.
Determining the duration of symptom improvements is also critical to establish in order to fully understand the clinical potential of this intervention. We previously demonstrated that clinical effects last at least 1 week following the final training session. However, whether the duration of these clinical effects is comparable to other antidepressant interventions has not yet been studied. Therefore, we are currently following patients for 3 months, a duration commonly used in antidepressant clinical trails.
Finally, we are also working to determine whether this intervention would be best utilized as an augmentation to existing therapies. For example, as antidepressant medications take up to 4 weeks to result in clinical improvement, 98 and as we have observed large changes in depression ratings over the course of 2 weeks in those receiving amygdala rtfMRI-nf, augmenting the start of an antidepressant regime with amygdala rtfMRI-nf sessions may 'bridge the gap' between prescription and mood improvement. Cognitive behavioral therapy (CBT) may also benefit from augmentation with amygdala rtfMRI-nf. A fundamental component of CBT for MDD involves the restructuring of thought and emotional processing towards affectively positive and away from affectively negative thoughts, feelings, and memories. 99 Newer cognitive therapies specifically target positive affect and increasing patients' ability to sustain positive affect over time. 100 The continued focus on improving positive affect as a component of CBT provides a clear rationale to train MDD patients to more effectively access positive AM in the generation of positive mood. To this end, we are conducting a randomized clinical trial examining clinical outcome following CBT augmented with amygdala rtfMRI-nf relative to CBT augmented with control rtfMRI-nf (Grant 4R00MH101235-03; clinicaltrails.gov identifier NCT02709161). We theorize that by training patients to put their brain into a state where they are better able to process positive AM, it will be easier to learn and incorporate the tenants of CBT and that this will lead to a quicker and more sustained response to CBT.
Conclusions
Collectively, these studies show that both healthy individuals and unmedicated patients with MDD can significantly increase their amygdala response to positive AM recall via rtfMRI-nf training. Furthermore, they are able to maintain this response following training and in the absence of neurofeedback information suggesting both short-term (samesession) and long-term (between-session baselines) transference of learning/ability to maintain this learned response in the absence of neurofeedback information.
In patients with MDD, significant improvements in clinical symptoms are observed, along with improvements in memory and attention for positive stimuli. Though changes in the processing of negative stimuli were also evident following neurofeedback training, only changes to positive stimuli were associated with measures of clinical improvement and neurofeedback success. This suggests that the enhancement of the processing of positive emotional information, rather than suppression of the processing of negative emotional information, underlies the clinical effects of our amygdala neurofeedback paradigm. These studies collectively: (i) support a role for the amygdala in positive emotional processing and memory recall; (ii) suggest that reduced amygdala hemodynamic activity to positive memories may be an important mechanism interfering with recovery from MDD; and (iii) provide a neuroscience-based intervention with potential as a treatment for MDD. Further research is needed to determine if these results can be broadly replicated and who this treatment is best suited for.
